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 High cognitive workload occurs when excessive working memory resources have 
been deployed to resolve sensory and cognitive processing, resulting in decremented task 
performance. The P300 event-related potential (ERP) component has shown sensitivity to 
cognitive load, and it was hypothesized that an attenuated P300 amplitude could be 
indicative of high cognitive load. We tested this hypothesis by having eight participants 
complete two continual performance tasks at increasing workload levels while 
simultaneously performing an oddball task, evoking P300 ERPs in either the auditory or 
tactile sensory channel. In our experiment, electroencephalographic recordings were 
collected over the parietal region to observe the P300 component. Our results show a 
downward trend in P300 amplitude as workload increased when performing auditory 
oddball tasks, although P300’s elicited by the tactile oddball tasks produced no consistent 
trend. These results suggest cognitive load indexing is possible in select sensory 
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 In an occupational setting, it is important for an employee to accomplish their goals 
in an efficient and timely manner. While any task will require work on the employee’s part, 
excessive workloads can lead to elevated levels of stress which have been found to cause 
serious mental and physical health concerns (Teasdale, 2006). Unfortunately, this is not an 
uncommon situation for someone in the workforce. The American Psychological 
Association reported in 2018 that 42% of Americans identified heavy workloads as a 
significant contributor to their stress at work (APA, 2018). Further, this trend seems to be 
magnifying, as similar longitudinal surveying has shown a 20% increase in the number of 
workers claiming to be overworked over the last 30 years (Lipman, 2017). What practical 
measures can be taken to avoid stress, overwork, and injuries in the workplace? A possible 
solution may lie in monitoring the psychological barriers that define the limits of a person’s 
capacity to do work. 
1.1.1 Cognitive Load 
 Cognitive load is an abstract representation for an amount of working memory 
resources that have been allocated to complete a defined task. Any task that the brain 
attempts to complete – whether it be reading a book, merging onto the freeway, or picking 
out your outfit for the day – requires information to be stored and manipulated in working 




Cognitive Load Theory (CLT) was developed in the 1980’s (Sweller, 1988), though prior 
research had alluded to a rudimentary understanding of the concept (G. A. Miller, 1956). 
Within the CLT, the total cognitive load a task imposes on a person can be 
distributed into three categories: intrinsic, extraneous, and germane (Sweller, Van 
Merrienboer, & Paas, 1998). Any task has a base level of working memory associated with 
it, and this is the intrinsic cognitive load of the task. It is proportional to the complexity of 
the task. While any task will have some inherent difficulty associated with it, it can be 
further complicated by how the task is expressed. Instructions may not be clear, or the 
medium through which the task is expressed isn’t optimal. The additional processing 
allocated to understanding how a task should be performed is referred to as extraneous 
load. Finally, the working memory that is reserved for organizing the learned information 
and connecting it to prior knowledge is known as the germane load. 
Any action will have these three forms of cognitive load at varying levels. 
Understanding how these three types of load contribute to the overall load of a task is 
important when designing tasks that rely on differences in working memory and cognitive 
load. Intrinsic load is relatively static, but extraneous and germane loads can be increased 
or decreased depending on obstacles working against the participant or how the 




 Cognitive load is a subjective measure of a person’s state and, other than the 
additive properties of the different types discussed, has no empirical method of being 
calculated. However, an arbitrary unit of measure can be ascribed to load in the form of 
working memory resources, which when “summed”, form a person’s working memory. 
This type of memory represents the information that can be recalled, retained, and applied 
simultaneously. For this reason, working memory can be classified as an executive function 
because no higher leveling reasoning can take place without the ability to hold and utilize 
information in working memory (Diamond, 2013). 
A possible explanation for the mechanisms governing cognitive load and working 
memory is Multiple Resource Theory, defined in 1983 by Christopher Wickens. This 
theory posits that information processing from environmental stimuli can be performed 
more efficiently if the relevant stimuli are distributed among different sensory channels. In 
addition, the brain can allocate working memory resources in a similar manner. Under the 
MRT, these sensory channels do not compete against one another for working memory 
resources unless the demands of one channel are sufficiently high. In this situation, the 
brain can acquire resources it had deployed to one channel and divert them to channels that 
require additional resources. With deficient resources, neurological activity derived from 
these sensory channels will appear diminished (Wickens, Sandry, & Vidulich, 1983). This 
diversion of resources also results in decremented performance in stimulus-based tasks 
being performed (Basil, 2012). 
Attention is another important factor in the processing of environmental stimuli. 
The distribution of attentional resources allows for parallel processing to occur when 




relative to the situation at hand (Kahneman, 1973; Tombu & Jolicœur, 2003). Similar to 
working memory resources, attentional resources are functionally finite for the optimal 
processing of sensory information, so the improper allocation of resources to task-
irrelevant stimuli can lead to diminished performance as well (Broadbent, 2013; Pashler, 
1984). 
1.1.2 Assessing Cognitive Load 
 While it is difficult to measure directly, several different techniques have been 
devised to assess a person’s cognitive load, and three primary domains have been used 
extensively: subjective techniques, performance-based techniques, and physiological 
techniques (Sweller et al., 1998). For example, the National Aeronautics and Space 
Administration developed its Task Load Index (TLX) assessment tool to subjectively 
evaluate a pilot or astronaut’s cognitive load based on their perceived performance during 
a task (Hart & Staveland, 1988). The user rates themselves on six different subscales 
representing different aspects of cognitive load, as well as compares each subscale against 
the others to determine which were the greatest contributors. The Bedford Workload Scale 
was developed around the same time by the British Royal Aerospace Establishment and 
uses another subjective rating scale to determine cognitive load (Roscoe & Ellis, 1990). 
These subjective assessments are popular and effective for several reasons. They can be 
administered quickly, with almost no prep, instruction, or capital required. However, they 
have two main drawbacks: they are post hoc examinations, which prevents any online 
assessment, and their subjective nature can cause large between-subjects variability. 
 Other tests have been developed to combat the inherent biases in subjective 




person completes a task as the basis for assessing cognitive load. When the total working 
memory capacity has been reached or exceeded during a task, performance will begin to 
degrade (S. Miller, 2001). If the primary task does not overstress the working memory 
system, a secondary task can be deployed in parallel to consume the unutilized working 
memory, which will then result in decreased performance in the primary task, the 
secondary task, or both (Wickens, Gordon, & Liu, 1998). Multiple Resource Theory 
predicts that this breakdown in performance will begin under less cognitive load if both 
tasks are competing for the same working memory resources, i.e. the tasks are targeting 
the same sensory channel (Derrick, 1988). 
 Finally, a third branch of assessment relies on the physiological responses of the 
human body to express cognitive load. The Index of Cognitive Activity analyzes 
disruptions in pupil size using eye-tracking equipment. It has been able to detect 
differences in cognitive load in real time while accounting for compounding effects, such 
as changes in lighting (Marshall, 2002). Other studies have shown success in using body 
temperature fluctuations and heart rate variability in discriminating between high and low 
task difficulty conditions (Haapalainen, Kim, Forlizzi, & Dey, 2010; McDuff, Gontarek, 
& Picard, 2014). Since these bodily reactions are largely independent of the person’s 
thoughts and actions, they can be considered the least susceptible to subjectivity. 
1.1.3 Using EEG to Assess Cognitive Load 
 Cognitive activity is an important physiological measure to the field of 
neuroscience, as it is a measurement of cortical potentials. The most pragmatic approach 
to this has been to record this brain activity using different imaging modalities. For 




oxygenated hemoglobin in the cortical tissue to denote activity – has been shown to be 
sensitive to changes in cognitive load (Fishburn, Norr, Medvedev, & Vaidya, 2014). 
Functional magnetic resonance imaging (fMRI) has also been able to differentiate between 
levels of cognitive load (Callicott et al., 1999). 
 Electroencephalography (EEG) is another of these imaging modalities. EEG 
records electrical potentials present on the superficial layer of the cortex using scalp 
electrodes. Pyramidal neurons aligned orthogonal to the inner surface of the cortex generate 
post-synaptic potentials. These PSPs can propagate through the interstitial fluid of the scalp 
instantaneously, which lends EEG to precise temporal resolution and measurement. 
Individually, these PSP’s have too low of a potential difference to register on an EEG 
recording, but the uniform orientation of the pyramidal neurons allows for the electrical 
dipoles to be summed, and differences can be detected when millions of these pyramidal 
neurons are firing simultaneously (Woodman, 2010). 
Certain brain activity can be classified as rhythmic oscillations that are separated 
into distinct bands based on their frequency. EEG has been used to analyze frequency 
spectral patterns in brain activity to detect differences in cognitive load. Spectral power 
analysis of the different frequency bands has supported correlates in the 8-12 Hz alpha 
band (Anderson et al., 2011; Stipacek, Grabner, Neuper, Fink, & Neubauer, 2003), 4-8 Hz 
theta band (Anderson et al., 2011; Puma, Matton, Paubel, Raufaste, & El-Yagoubi, 2018), 
and the 1-4 Hz delta band (Harmony, 2013; Zarjam, Epps, & Lovell, 2015).  




Frequency spectra are one way to extract meaningful data from EEG. Another is 
the event-related potential (ERP). These brain signals are generated as a response to 
explicit events, either in the environment or as the result of a cognitive process (Luck, 
2005). The ERP was first observed in the 1930’s (H. Davis, Davis, Loomis, Harvey, & 
Hobart, 1939; P. A. Davis, 1939) using a primitive form of EEG, but has expanded since 
then into an extensive subfield of neuroscience and cognitive psychology. 
Within the EEG recording, there are countless neurological actions present, and 
isolating any single signal within the continuous data is difficult, though single trial ERPs 
are possible (Blankertz, Lemm, Treder, Haufe, & Müller, 2011; Jung et al., 1999). What is 
more common is to time-lock a selection of data epoched around an event, such as the 
presentation of an environmental stimuli, and then average across multiple trials. As more 
and more trials are averaged, the background noise will eventually zero out, and any 
ubiquitous signals associated with the chosen event will remain visible (Luck, 2005). 
1.1.5 The P300   
In particular, the P300b ERP component (P300) may be beneficial in monitoring 
cognitive load. The P300’s name is derived from its nature as a positive-going voltage 
potential (“P”) that classically peaks at 300 milliseconds (“300”) post-stimulus onset, 
though this tends to range between 300-500ms (figure 1). The component is associated 
with reasoning and recognition of task-categorized target stimuli. In a scalp distribution 
map, the P300’s largest amplitude is seen across the parietal region of the brain (Polich, 
2007).  The P300 has also been shown to be sensitive to cognitive load. As discussed 
earlier, changes in cognitive load manifest in different physiological responses to stimuli, 




observed with the P300 component. As workload increases, the amplitude of the 
component decreases (Donchin, 1986). 
 
Figure 1: A stimulus-locked waveform of the P300b ERP component (Patel, Azzam, 2005) 
One of the most common ways to evoke the P300 component is through the use of 
an oddball task. The oddball paradigm presents two unique stimuli to a participant in a 
pseudo-random order, with one rare oddball stimulus being presented fewer times than the 
more common standard stimulus (figure 2). When the oddball is categorized within the 
task as the target, the P300 is generated upon recognition of the oddball stimulus being 
presented. The morphology of the P300 is somewhat variable within the oddball paradigm, 
with both peak amplitude and peak latency able to be affected. P300 amplitude can be 
modulated by adjusting the rarity of the oddball stimulus. The less frequent the oddball is 
presented, the greater the amplitude of the component. Interestingly, it is the categories of 
stimuli (target, non-target) that matter more so than the individual distinct stimuli 




evidence to suggest that the rarity of the target stimuli is a misnomer, and what is actually 
modulating component amplitude is the target-to-target interval, i.e. the time displacement 
between target stimuli (Croft, Gonsalvez, Gabriel, & Barry, 2003). In regards to the 
latency, it can be adjusted by altering the ease with which the two stimuli can be 
discriminated. In other words, the easier it is for the person to determine which stimulus is 
the oddball and which is the standard, the sooner the P300 component will peak in the time 
domain_(Magliero,_1984). 
 
Figure 2: a schematic rendering of a visual oddball, showing the standard (blue) and oddball (yellow) stimuli 
 
 While it is common to see the oddball task deployed to target the visual sensory 
channel, other versions do exist that use different stimuli to generate the P300. For 
example, auditory oddball tasks can utilize tones at different frequencies in place of visual 
cues (Segalowitz & Barnes, 1993; Squires, Squires, & Hillyard, 1975), and tactile oddballs 
can use varying somatosensory stimuli to produce similar effects (Brouwer & Van Erp, 
2010; Brouwer, van Erp, Aloise, & Cincotti, 2010; Herweg & Kübler, 2016). Even though 
the visual, auditory, and tactile stimuli are being processed in the occipital, temporal, and 
somatosensory regions, respectively, of the brain, all of the higher-level recognition 




However, this should not imply that the area of the brain responsible for generating 
the P300 component is located in the parietal lobe. This is merely a result of the orientation 
of its electrical dipole, the propagation of the post-synaptic potentials, and the folding of 
the brain matter. The exact generator location for the P300 component (and many other 
ERP components) is unknown, though research suggests that the frontal lobe (Knight, 
1984; Knight, Grabowecky, & Scabini, 1995) and the medial temporal lobe (Halgren et al., 
1980; McCarthy, Wood, Williamson, & Spencer, 1989) are likely candidates. Further, 
having different sensory channels producing comparable brain signals compliments the 
assumptions made using the Multiple Resource Theory. In a dual task experimental design, 
an oddball task being deployed alongside another task will not compete for resources so 
long as the two tasks don’t share a sensory channel, and one task does not become too 
difficult. 
1.1.6 Cognitive Probing 
Recently, new research utilizing passive brain-computer interfaces has suggested a 
novel method for interpreting cognitive load. Passive brain-computer interfaces (pBCI) 
provide support to a human-machine system by sending implicit inputs from neurological 
signals of the human to his or her machine teammate without generating an explicit output 
the user intends or even perceives. These neurological signals can be in reaction to 
cognitive probes the pBCI deploys in order to establish the user’s cognitive state (Laurens 
R Krol & Zander, 2018). It can be beneficial to adapt a user’s experience in a system with 
a pBCI, such as preventing task-irrelevant stimuli from distracting the user during high 




needed for the primary task. Cognitive probing is therefore a practical application of a 
phenomenon described in the Multiple Resource Theory. 
1.2 Purpose 
1.2.1 Risks Associated with High Cognitive Load 
 The concept of “choking” under pressure is a real phenomenon that is supported by 
the way in which high workloads can impact cognitive abilities. When modeling 
performance as a function of cognitive load, we see a nonlinear relationship with three 
distinct regions: underload, ideal load, and overload (figure 3). Performance is at its zenith 
when a person is aroused, alert, and attentive to the task at hand. The task is not necessarily 
simple or easy; in fact, it could be quite challenging, but the person can demonstrate 
competency and accuracy when incorporating an optimal proportion of working memory. 
 As the number of deployed working memory resources increases however, 
performance begins to wane. The person will become overloaded, a state where the 
person’s working memory can no longer accommodate the task at hand. The person will 
become stressed and anxious, and the resulting drop in performance may exacerbate the 
situation, potentially causing a positive feedback loop resulting in total meltdown. 
Interestingly, poor performance is also associated with low cognitive load, a state known 
as underloading. This is when the person is not sufficiently engaged with the primary task. 





Figure 3:  Stress response curve adapted from Yerkes-Dodson Model (Yerkes, Dodson, 1908) 
 Prior literature has shown that people who exhibit fewer working memory 
resources are more inclined to act impulsively and ascribe unnecessarily significance to 
certain information during decision-making (Burks, Carpenter, Goette, & Rustichini, 2009; 
Frederick, 2005). The consequence of this relationship is that unproductive or irrational 
behavior is correlated with a state of high cognitive workload. It is then important to state 
how this type of behavior may be counterproductive or even dangerous in a work-related 
context. High-stress professions, such as heavy-machinery operators, pilots, and surgeons, 
expose their partakers to excessive mental and physical demands that could potentially 
overload them and result in serious adverse consequences if performance dropped too low 
(Lindblom & Thorvald, 2014). Symptoms of this overloading are disruption of working 
memory, tunnel vision, and spatial unsteadiness (Sandblad, Lind, & Nygren, 1991). It is 
thus important to recognize when a person is becoming overloaded in the course of their 




















The goal of this study is to observe changes in P300 morphology while participants 
complete a dual task cognitive probing experiment. The primary task will be a continuous 
performance task with specified low and high task load conditions. This primary task will 
target the visual sensory channel. The secondary task will be an oddball paradigm which 
targets either the auditory or tactile channels. It operates in the same capacity as a cognitive 
probe does in a passive brain computer interface. A control task where only the secondary 
oddball task is performed will also be deployed. 
The intrinsic workload present in the secondary task is assumed to be constant 
across the control, low, and high task load conditions, and so it can be excluded from the 
total cognitive load being experienced during each trial. The primary task defines the task 
load level, and when workload becomes sufficiently high, the brain can no longer 
accommodate channels that are secondary to the primary tasks, thus causing “competition” 
between the multiple senses for resources. Resources will be acquisitioned to bolster 
sensory channels that are being overloaded, thus causing a decrease in performance output 
in the resource-starved channels. Given this relationship between mental workload, 
resource management, and cognitive probing, it can be conjectured that a drop in P300 
amplitude during multi-task conditions can be quantified if the secondary channels are 
being targeted by a cognitive probing task. 
1.3 Hypothesis 
We hypothesize that the oddball P300 could be used to index the relative cognitive 
workload a participant is undergoing using this cognitive probing technique and that this 




task performance and subjective evaluations will also be used to compare against the ERP 
data. 
A decrease in P300 peak amplitude is predicted to be observed between low and 
high workload conditions. No significant difference is expected in P300 peak latency. 
Primary and secondary task performance is predicted to decrease between the two load 
conditions in their respective metrics. Perceived cognitive workload in participants 
reported in subjective evaluation is expected to increase. No differences between targeted 








Each participant attended two separate sessions of data collection. On the first day, 
referred to as Training, the participant consented to participate and was given the 
opportunity to practice the different task conditions. Each task had a minimum performance 
threshold that the participant had to achieve to qualify for the study. If the threshold was 
met for all of the task conditions, the participant was asked to return one week later at the 
same time. On this second day, referred to as Testing, participants were asked to perform 
each of the task conditions in a repeated block design. The block was repeated four times. 
The study was approved and overseen by Institutional Review Boards representing both 
Wright State University and the Air Force Research Laboratory. 
Thirteen participants were recruited for this study. Four participants did not 
complete the entire experiment. Two did not meet the performance requirements during 
training, one did not return for the second session, and one voluntarily ended the second 
session pre-maturely. Of the nine complete data sets, one was excluded due to poor data 
quality. In total, eight subjects (four female) between 18 – 42 years of age (mean = 25.13 
years, SD = 7.9 years) were recruited for the study. All participants were given a pre-
screening to exclude anyone with sensory impairment or psychiatric disorders. During this 
screening, each subject provided informed consent to participate. All participants were paid 





Physiological recordings were performed using the BioSemi ActiveTwo system 
(BioSemi B.V., Amsterdam, The Netherlands). Recordings were made with a 2048 Hz 
sampling rate at 64 channel locations based on the modified combinatorial nomenclature 
extension of the 10-10 system (American Electroencephalographic Society, 1994) 
excluding the inferior chain with the exception of P9/P10 and Iz (Seeck  et al., 2017), with 
bilateral electrodes on the mastoid process, infraorbital, and outer canthus locations. 
Additionally, a respiration band and two GSR electrodes were used to record respiration 
patterns and galvanic skin response, respectively. Participant responses were recorded 
using a low-latency mechanical keyboard (Cherry MX 6.0 [G80-3930], Cherry GmbH, 
Auerbach in der Oberpfalz, Germany).  
2.1.3 Stimuli and Equipment 
All tasks were coded in MATLAB (R2011b; The MathWorks, Inc., Natick, MA, 
USA) using the Psychophysics Toolbox (v3.0.13) (Brainard, 1997 ; Pelli, 1997; Kleiner et 
al., 2007). Stimuli were presented on a 24.5”, 240 Hz monitor (BenQ ZOWIE XL2540, 
BenQ Corporation, Taipei, Taiwan) while participants sat approximately 65 cm away from 
the screen. The testing environment was a dark room with a natural sound machine (Dohm 
Classic, Marpac LLC, Wilmington, NC, USA) to cover background sounds. During certain 
tasks, participants used a game controller (Logitech F310 GamePad, Logitech, Newark, 
CA) to move a cursor around the screen to follow a target. The left or right analog stick 
was used during the task to correspond with the dominant hand of the participant. 
 The tactile oddball task used haptic stimulation in the form of vibrating motors to 
create different stimuli. Creating and recording this stimulation, particularly in the context 




in this experiment were configured to input, output, and record audio signals, but not tactile 
signals. Knowing this, it was determined that an audio signal could be “hijacked” before it 
reached the speakers, transformed, and then recorded by the BioSemi. 
 To accomplish this, a full bridge rectifier circuit was built to convert the AC audio 
signal into a DC square wave signal. This was then sent to an Arduino microcontroller 
(Arduino Uno, Arduino, Somerville, MA) that was programmed to output the DC signal to 
two pager motors that were attached to the back of the subject’s non-dominant hand. The 
amplitude of this signal was determined by the volume of the signal defined in the task 
code, which in turn controlled the amount of voltage being pushed to the motors. As such, 
the intensity of the vibrations felt by the participant was governed by the volume of the 
audio signal originally generated by the task code. Finally, the new tactile signal was 
returned to the input channel of the BioSemi, allowing for stimulus event markers to be 
generated in the recording software (figure 4). 
 
Figure 4: The Arduino circuit used to produce the tactile stimulation 




 All data analysis was performed in MATLAB (R2018b; The MathWorks, Inc., 
Natick, MA, USA) utilizing the EEGLAB Toolbox (v2019.0) (Delorme and Makeig, 
2004) and the ERPLAB plugin (v7.0.0) (Lopez -Calderon and Luck, 2014). Statistical 
analyses were conducted using JMP Pro statistical software package (v14.0; SAS 
Institute, Cary, NC, USA).  
 
Figure 5: Flowchart of data analysis pipeline 
 The raw EEG data was imported into the EEGLab Toolbox and relevant 
information pertaining to the task conditions, electrodes, and event codes were pulled from 
the accompanying data files. Electrode data and event codes irrelevant to further processing 
were removed at this stage. Response processing for the secondary task performance was 
calculated at this stage as well due to the time series data being stored as integers, rather 





 Independent component analysis (ICA) was performed to derive a 65 channel 
decomposition (64 electrodes plus 2 mastoid references). In order to remove eye blink 
artifacts, each ICA component was compared against the vertical EOG channel and an 
associated correlation coefficient was calculated. Any component that had an r-value 
greater than 0.75 was removed. The remaining ICA channels were applied to the EEG data. 
At this stage, 0.1 Hz high pass filter was applied to remove frequencies associated with 
skin potentials. 
 In order to grand average across multiple trials, the raw, continuous EEG data was 
binned into epochs ranging from 200 ms prior to each oddball stimulus to 1500 ms post 
stimulus onset. One bin contained the oddball stimulus trials and another contained the 
standard trials. Before averaging, a 30 Hz low pass filter was applied to the binned data to 
remove high frequency artifacts such as muscle activity and 60 Hz line noise. The epochs 
were then averaged and exported as .erp files. Finally, amplitude and latency information 
needed for the ERP data analysis was extracted. 
2.2 Tasks 
Eight unique tasks were performed using one primary task and one secondary 
task. The primary task was either an N-back task or a compensatory tracking task. These 
two tasks were expressed in the visual sensory channel. The secondary task was an 
oddball task using either auditory or tactile stimulation. Each of the primary tasks was 
further categorized as either low workload or high workload. For baseline comparisons, 
trials where only the secondary oddball task was performed were also conducted as a 





The N-back task requires participants to memorize a sequence of presented stimuli 
and make comparisons between the current stimulus and preceding stimuli. In this 
comparison, the participant must make a decision on whether the current stimulus is a 
target, which is defined as the current stimulus being identical to a stimulus that appeared 
previously in the sequence. The load factor N defines how far back in the sequence the 
current stimulus must be compared. In order to do this, the participant must store n stimuli 
in their working memory. Performance is determined by the accuracy of the participant’s 
response in identifying targets and non-targets. 
Twenty Latin letters (excluding A, E, I, O, U, and Y) were used as the N-back 
stimuli. 102 stimuli were presented in each task, with 34 being targets. Each stimulus was 
present on screen for 0.5 seconds with an inter-stimulus interval of 2.5 seconds. During 
each ISI, a fixation cross was presented on screen. The participant was required to provide 
a response with a keyboard button press to each stimuli, with one button used to denote a 
non-target and another to denote a target. These buttons were counterbalanced between 
tasks to avoid confounding effects. The low workload condition was classified as a 1-back 





Figure 6: The N-back task presents a new alphanumeric stimulus lasting 0.5 seconds every 2.5 seconds. The 
participant must respond to each stimulus as either a target or non-target for the N-level given (N=1 shown). 
2.2.2 Tracking 
 The compensatory tracking task requires a participant to follow a zero-point target 
around a bounded area using a cursor controlled by the game controller. When the cursor 
is within a sufficient distance from the target, the cursor changes color on screen from blue 
to green to visually indicate that the participant is on target. Performance is determined by 
the average distance between the two points over the course of the task. 
 At the beginning of each tracking task, a countdown would appear to prepare the 
participant to begin the task. The cursor and target begin each task at the center of the 
computer screen before the target travels across the screen in a continuous, random path. 




slowly across the screen, whereas in the high workload condition, the target moved quickly 
and changed its direction of movement more frequently. 
 
Figure 7: The tracking task has a target (red) moving randomly around the screen, and the participant must follow the 
target with a cursor (blue) controlled by an analog stick on a game controller. When the cursor overlaps the target, it 
turns green to visually indicate the desired tracking task performance to the participant. 
2.2.3 Auditory Oddball 
The oddball stimulus was an 800 Hz sine wave and the standard stimulus was a 500 
Hz sine wave, played through the computer speakers (Logitech LS11 stereo speaker 
system, Logitech, Newark, CA). Each stimulus was presented for 0.15 seconds. One 
hundred stimuli were presented during each task, with approximately 20% of them being 
oddballs. To avoid confounding effects, the exact number of oddball stimuli in any single 
task was randomized, but the total proportion across all tasks of the same type was always 
20%. The participant held a response button in their non-dominant hand which they were 
instructed to press whenever an oddball stimulus was presented to them. 
2.2.4 Tactile Oddball 
The oddball stimulus was a 500 Hz sine wave presented at 60% of maximum 
volume. The standard stimulus was an identical sine wave presented at 20% maximum 




was identical to the auditory oddball condition, as were the instructions to provide a 
response whenever the oddball was observed. 
2.3 Performance Metrics 
The cognitive load of each participant was evaluated using the three primary methods 
described above: physiological measures, specifically the P300 ERP component, task 
performance, and subjective evaluation. 
2.3.1 ERP Data 
 The P300 ERP component was chosen to evaluate cognitive load based on its 
morphology having shown sensitivity to indexing load. 
 P300 peak amplitude: Peak amplitude is defined as the greatest voltage, measured 
in microvolts (μV) recorded during the epoched time period. As cognitive workload 
increases, peak amplitude is expected to decrease. 
 P300 peak latency: Peak latency is defined as the time at which the peak amplitude 
was recorded, post-stimulus onset. Peak latency is measured in milliseconds. As cognitive 
workload increases, peak latency is expected to remain constant. 
2.3.2 Task Performance 
 The primary task the participant attended to occupied the visual sensory channel. 
The goal of these tasks was to modulate the cognitive workload the participant was 
experiencing.  As cognitive workload increased, task performance is expected to decrease. 




 N-back task accuracy: The participant was required to correctly identify each 
stimulus on screen as either a target or non-target. A response was required for each 
stimulus. Performance was measured by the correct identification of the current stimulus 
on screen, expressed as a percentage. The performance was weighted, so that the correct 
identification of target stimuli was a higher contributor to task performance (targets = 67% 
weight, non-targets = 33%). As cognitive workload increases, N-back task accuracy is 
expected to decrease. 
 Tracking task RMSE: The performance was defined as the root mean square error, 
which was the average relative center point distance between the target and cursor during 
the task. The unit is the number of pixels between the center points. As cognitive workload 
increases, tracking task RSME is expected to increase. 
 Oddball response time: This metric was defined as the amount of time that elapsed 
between when the oddball stimulus was presented to the participant and when the 
participant responded. The unit is milliseconds. As cognitive workload increases, oddball 
reaction time is expected to increase. 
2.3.3 Subjective Evaluation 
 At the end of each task, participants were asked to complete the NASA Task Load 
Index survey to evaluate their performance. Their performance was ranked on six different 
scales: physical demand, mental demand, temporal demand, performance, effort, and 
frustration. Each scale was weighted based on which scale the participant identified as a 




aggregated into a total workload score. As cognitive workload increases, total workload 
score is expected to increase. 
2.4 Assessing Normality 
Prior to statistical testing, the assumption of normality was tested to determine the 
quality of the ERP data. The distribution of the P300 peak amplitude data were plotted in 
normal quantile plots for each of the main four task categories combinations (N-back + 
auditory oddball, N-back + tactile oddball, tracking + auditory oddball, and tracking + 
tactile oddball) (figure 8).  
 
  






Shapiro-Wilk Goodness-of-Fit tests were performed to determine normality and it was 
concluded that three of the four categories had nonparametric distributions (ANB: p = 
0.0704, ATT: p = 0.0350*, TNB: p = 0.0214*, TTT: p = 0.0001). 
 A logarithmic transformation was used to change the data sets from nonparametric 
to parametric distributions. After transformation, the same Shapiro-Wilks test were ran and 
it was determined that all four categories no longer exhibited nonparametric distributions 
(ATT: p = 0.3278, TNB: p = 0.8143, TTT: p = 0.2709) (figure 9). 
 
 







 All statistical results were derived from paired Student’s t tests (α = 0.05) to 
determine significance between different workload levels. P300 peak amplitude, N-back 
accuracy, and oddball response time used a left-tailed t-test. Tracking task performance 
and oddball response time used a right-tailed t-test. Peak latency used a two-tailed t-test. 
Error bars denote standard deviation. One star represents p < 0.05, two stars represents p 
< 0.01, and three stars represents p < 0.001. 
3.1 Auditory Stimulus 
3.1.1 ERP Data 
All graphs displaying P300 components are epoched across a time 200 ms pre-
stimulus onset to 1500ms post onset. Peak amplitude was at its highest in the 1-back task 
with 11.05 ± 15.23 uV, and then decreased in the 3-back task to 9.88 ± 15.80 uV (figure 
10). No significance was found among the task difficulties (p = 0.1980). 
 




Table 1: Student's t test output for N-back + auditory oddball 
t Test  (High    –  Low)  
Difference -3.317 t Ratio -0.85483 
Std Err Dif 3.880 DF 61.91621 
Confidence 0.95 P < t 0.1980 
 
 P300 amplitude was measured to be 10.19 ± 10.70 μV in the low workload 
tracking task, which decreased to 8.86 ± 10.62 μV in the high workload condition (figure 
11). This difference was not found to be statistically significant (p = 0.2113). 
 







Table 2: Student's t-test output for log-transformed tracking + auditory oddball 
t Test  (High    –  Low)  
Difference -0.04924 t Ratio -0.8081 
Std Err Dif 0.06093 DF 52.9907 
Confidence 0.95 Prob < t 0.2113 
 
Peak latency was 359.24 ± 89.53 ms in the low workload condition during the N-
back task (figure 12A), and latency increased in the high workload condition to 343.89 ± 
89.09 ms. No significance was found between the two task difficulties (p = 0.4943). 
 The tracking task showed a reversed direction of effect, decreasing from 
384.06 ms in the low workload conditions to 378.83 ms (figure 12B), though this difference 
wasn’t found to be significant (p = 0.8137). 
 













































Table 3: Student's t-test output for auditory N-back (left) and Tracking (right) peak latencies 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference -15.350 t Ratio -0.68752 Difference -5.234 t Ratio -0.23661 
Std Err Dif 22.327 DF 61.99847 Std Err Dif 22.119 DF 61.99511 
Confidence 0.95 P < |t| 0.4943 Confidence 0.95 P < |t| 0.8137 
 
3.1.2 Task Performance 
N-back accuracy in the low workload condition was 94.88 ± 3.74 percent, 
decreasing to 83.81 ± 16.19 percent in the high workload condition (figure 13A). This was 
a statistical significant decrease (p < 0.0001). 
The average distance between target and cursor in the low workload condition was 
107.22 ± 21.12 pixels, increasing to 314.54 ± 23.55 pixels in the high workload condition 
(figure 13B). This was a statistical significant increase (p < 0.0001). 
 
 

















































Table 4: Student's t-test output for auditory N-back (left) and Tracking (right) task performances 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference -11.063 t Ratio -4.44716 Difference 207.320 t Ratio 33.51195 
Std Err Dif 2.488 DF 36.3792 Std Err Dif 6.186 DF 61.46812 
Confidence 0.95 P < t 0.0001* Confidence 0.95 P > t 0.0001* 
 
In the auditory 1-back task, participants had an average response time to target 
stimuli of 576.75 ± 131.15 milliseconds. When workload was increased in the 3-back (high 
workload) task, the time increased again to 615.44 ± 154.97 milliseconds (figure 14A). No 
significance was found between the low and high workload conditions (p < 0.1104). 
When analyzing response during the tracking task, participants exhibited a response 
time of 521.50 ± 124.78 milliseconds in the low workload task, and 513.68 ± 144.30 
milliseconds in the high load tasks (figure 14B). These results were not statistically 
significant (p < 0.6305). 
 












































Table 5: Student's t-test output for N-back (left) and Tracking (right) auditory oddball response times 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference 38.69 t Ratio 1.237843 Difference -7.814 t Ratio -0.33465 
Std Err Dif 31.26 DF 58.27131 Std Err Dif 23.349 DF 61.78546 
Confidence 0.95 P > t 0.1104 Confidence 0.95 P > t 0.6305 
 
3.1.3 NASA-TLX 
Evaluating participant surveys for the auditory N-back task showed a score of 38.40 
± 21.50 in the 1-back task, and the rating increased to 58.61 ± 28.84 in the 3-back task 
(figure 15A). The scores were found to be statistically different between the low and high 
workload levels (p < 0.0012). 
In the low workload task, TLX scores for the tracking task were 32.35 ± 21.69. 
Once the workload was increased to high, scores also increased to 50.27 ± 29.41 (figure 
15B). The task difficulties were shown to be statistically different from each other (p < 
0.0037). 
 

























































Table 6: Student's t-test output for auditory N-back (left) and Tracking (right) TLX scores 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference 20.2188 t Ratio 3.179431 Difference 17.9167 t Ratio 2.7734 
Std Err Dif 6.3592 DF 57.32872 Std Err Dif 6.4602 DF 57.02512 
Confidence 0.95 P > t 0.0012 Confidence 0.95 P > t 0.0037 
 
3.2 Tactile Stimulus 
3.2.1 ERP Data 
 When grand-averaged across all participants, the P300 components generated by 
the tactile oddball tasks performed during the N-back task how a peak amplitude of 6.36 
± 8.53 μV in the low workload condition, and increased to 8.47 ± 9.42 μV when the 
difficulty increased (figure 16). This difference showed no significance however (p = 
0.6588). 
 






Table 7: Student's t-test output for log-transformed N-back + tactile oddball 
t Test  (High    –  Low)  
Difference 0.02136 t Ratio 0.411729 
Std Err Dif 0.05187 DF 49.6615 
Confidence 0.95 Prob < t 0.6588 
 
 Observing the same metric in the tracking task, peak amplitude decreased from 
8.81 ± 18.48 μV in the low workload group to 7.67 ± 25.91 μV in the more difficult 
condition (figure 17). While this downward trend was hypothesized it was not found to 
be significant (p = 0.4580). 
 







Table 8: Student's t-test output for log-transformed tracking + tactile oddball task 
t Test  (High    –  Low)  
Difference -0.00605 t Ratio -0.10602 
Std Err Dif 0.05703 DF 53.46977 
Confidence 0.95 Prob < t 0.4580 
 
Peak latency was 656.60 ± 106.67 ms in the low workload condition during the N-
back task (figure 18A), and latency increased in the high workload condition to 674.09 ± 
89.92 ms No significance was found between the two task difficulties (p = 0.4810). 
The tracking task showed a reversed direction of effect, decreasing from 384.06 ms 
in the low workload conditions to 378.83 ms (figure 18B), though this difference wasn’t 
found to be significant (p = 0.6805). 
 













































Table 9: Student's t-test output for tactile peak latencies 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference 17.487 t Ratio 0.709048 Difference 9.308 t Ratio -0.413767 
Std Err Dif 24.662 DF 60.27467 Std Err Dif 22.495 DF 61.99754 
Confidence 0.95 P > |t| 0.4810 Confidence 0.95 P > |t| 0.6805 
 
3.2.2 Task Performance 
N-back accuracy in the low workload condition was 95.44 ± 11.68 percent, 
decreasing to 81.07 ± 26.19 percent in the high workload condition (figure 19A). This was 
a statistical significant decrease (p < 0.0001). 
The average distance between target and cursor in the low workload condition was 
104.70 ± 107.33 pixels, increasing to 318.97 ± 22.98 pixels in the high workload condition 
(figure 19B). This was a statistical significant increase (p < 0.0001)
  


















































Table 10: Student t-test output for tactile N-back (left) and Tracking (right) task performances 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference -14.375 t Ratio -4.32438 Difference 214.267 t Ratio 43.48742 
Std Err Dif 3.324 DF 33.30759 Std Err Dif 4.927 DF 58.7002 
Confidence 0.95 P < t 0.0001 Confidence 0.95 P > t 0.0001 
 
In the tactile 1-back task, participants had an average response time to target stimuli 
of 731.38 ± 138.59 milliseconds. When workload was increased in the 3-back (high 
workload) task, the time increased again to 780.33 ± 167.31 milliseconds (figure 20A). 
Significance was found between the low and high workload conditions (p < 0.0304). 
When compared to the low workload task, (680.06 ± 129.99 ms), participants 
exhibited a response time of 705.47 ± 113.63 milliseconds in the high workload condition  
(figure 20B). No statistical difference was found (p = 0.1596). 
 












































Table 11: Student's t-test output for N-back (left) and Tracking (right) tactile oddball response times 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference 48.95 t Ratio 1.909774 Difference 25.404 t Ratio 1.004398 
Std Err Dif 25.63 DF 61.6278 Std Err Dif 25.293 DF 60.48871 
Confidence 0.95 P > t 0.0304 Confidence 0.95 P > t 0.1596 
 
3.2.3 NASA-TLX 
Post-task surveys generated an average score of 38.03 ± 21.69 in the tactile 1-back 
task. Scores increased to 60.84 ± 29.94 for the 3-back task (figure 21A). The scores were 
found to be statistically different between the low and high workload levels (p < 0.0005). 
In the low workload tracking task, TLX scores were 35.90 ± 20.73. Once the 
workload was increased, scores also increased to 50.93 ± 30.02 (figure 21B). The task 
difficulties were shown to be statistically different from each other (p < 0.0117). 
 

























































Table 12: Student's t-test output for tactile N-back (left) and Tracking (right) TLX scores 
t Test  (High    –  Low)  t Test (High    –  Low)  
Difference 22.8125 t Ratio 3.490116 Difference 15.0312 t Ratio 2.330881 
Std Err Dif 6.5363 DF 56.51575 Std Err Dif 6.4487 DF 55.08456 






4.1 Auditory Stimulus 
4.1.1 ERP Data 
 The ERP data shows an attenuation in the peak amplitude of the P300 component 
in the N-back task. While not as substantial, a similar decrease in peak amplitude was 
reported in the tracking task. While this decrease was predicted in the original hypothesis, 
no statistical effects could be determined. Minor differences in the N-back and tracking 
(respectively) peak latencies were also found to be insignificant. This was expected given 
the understanding of P300 morphology. Peak latency is affected by the speed with which 
the target and non-target stimulus can be distinguished (Magliero, 1984). Since identical 
stimuli were presented for every task, no latency differences were expected. 
 It is important to note that P300 peak amplitude is sensitive to other factors besides 
cognitive load. For example, oddball stimulus rarity is a common variable used to modulate 
amplitude. This effect was mitigated in the design of the oddball task by keeping the 
oddball/stimulus ratio identical across all task types. 
4.1.2 Task Performance 
 Accuracy in the N-back task dropped as the participants attempted to compensate 
for the increased load put on them. The tracking task showed an increased in the average 
tracking distance when comparing low vs high conditions. Both of these directions of effect 




 The reaction times for the secondary task showed nominal changes of 6.71% and -
1.50% in the N-back and tracking tasks, respectively. While these aren’t significant, there 
is a possible explanation nested in the outlined theory governing this line of study. During 
task training and data collection, no attentional emphasis was placed on either the loading 
task or the oddball task. The oddball task is categorized as the secondary task for clarity, 
but that distinction from the N-back and tracking tasks is arbitrary, and MRT states that a 
breakdown in performance can occur in either the primary or secondary task under high 
load (Wickens, 1998). Maintaining performance in one task category and decrementing 
performance in another is supported by established theory. This was observed based on the 
significant differences found in N-back and tracking task performance. 
4.1.3 Subjective Evaluation 
 The TLX scores showed a significant difference between the low and high 
workload conditions in both primary tasks. In the N-back task, participant scores increased 
between the low and high workload conditions, and an increase in the scores was found in 
the tracking task as well. These results support the initial hypotheses laid out for the 
experiment that TLX scores would increase with cognitive load. 
4.2 Tactile Stimulus 
4.2.1 ERP Data 
 The ERP data for the tactile tasks requires additional discussion. First, the N-back 
task does not support the expected outcome, as instead of attenuating, the P300 amplitude 
actually increased in the high load condition. What’s more unexpected is that the tracking 




However, these opposing effect sizes cannot be considered meaningful as statistically 
comparison shows no difference.  
 The P300 peak latencies do not show any significant difference between the low 
and high workload conditions either. An unexpected difference was seen when comparing 
inter-stimulus latency values. The tactile P300s appeared to be delayed when compared to 
the auditory P300s. Additional analysis was performed comparing the control task data 
between the two stimulus methods. Peak latency for the auditory oddball was measured to 
be 355.67 ± 61.29 ms, but the tactile oddballs showed an average peak latency of 630.16 ± 
91.96 ms, an increase of 275ms (figure 22). Literature shows that P300 ERPs tend to peak 
in the same time window as other sensory channels, between 300-500ms (Thurlings, Erp, 
Brouwer, & Werkhoven, 2013). It was not predicted that any difference between auditory 
and tactile stimulation would be present in this data, but when running a Student’s t- tests 






Figure 22: Post-stimulus latency of auditory and tactile oddball control data 
 
Table 13: Student's t-test output for inter-stimulus latencies 
t Test  (High    –  Low)  
Difference 274.490 t Ratio 14.0504 
Std Err Dif 19.536 DF 54.00142 
Confidence 0.95 Prob > t 0.0001 
 
4.2.2 Task Performance 
 Task performance data for the tactile tasks also showed significant decreases 
between load conditions in the N-back task and significant increases in the tracking task. 
When reviewing the secondary task performance, response times increased from the low 
workload condition to the high workload condition by a minor amount with a significant 
increase detected during the N-back task. The primary task performance results were 
hypothesized.  
























 When reviewing the tactile task data, a significant increase was seen in the TLX 
scores for both tasks. Participant responses increased from the low workload condition to 
the high workload condition in the N-back task. This increase was also observed in the 
tracking task. This increase in perceived workload was expected as the difficulty of the 
tasks increased. 
4.4 Limitations of Study 
 Due to the 2020 COVID-19 health crisis, human-subjects experiments were not 
able to occur during the second half of this experiment’s scheduled data collection. As 
such, only eight full data sets were included in this sample instead of the planned twenty, 
based on an a priori power analysis. Despite only collecting 40% of the minimum required 
data, significant results were still seen in several of the metrics. Significance was even 
shown in the most subjective evaluation: the TLX task scores. However, the data set at 
present is limited in its capacity to show significance in an ERP waveform. Between-
subjects variability can be extremely high, which is supported by the variance reported in 
the ERP data, and despite seeing noticeable attenuation in the auditory tasks, no definitive 
conclusions could be drawn at this time. 
 While the auditory task results show promise, the tactile task results seem to deviate 
more from the predicted outcomes than had been originally envisioned. A possible 
explanation for this could be the manner in which the tactile stimulation was applied to the 
participant. The pager motor circuit was proficient in relaying the required vibrations as 
well as consistent time series data. However, this method differed from similar experiments 
also producing P300s using haptic stimulation. Further, the morphology of the component 




in published literature, such as a tactor motor vest (Brouwer, van Erp, 2010; Herweg, 






The risks associated with performing work under high cognitive load has been well 
documented, and it is an issue that has permeated the modern work culture. The 
consequences of such actions can range from stress, fatigue, and poor job satisfaction to 
more serious concerns, such as medical complications, injury, and death. Understanding 
how and when a person becomes overloaded in their work could elucidate solutions to 
overcoming this challenge. 
In this study, the practical application of Multiple Resource Theory through 
cognitive probing was explored to determine if this method was viable for indexing 
cognitive load during two continuous performance tasks. To accomplish this, a secondary 
oddball task was deployed to target either the auditory or tactile sensory channel while the 
aforementioned primary task was being performed. Cognitive load was evaluated based on 
three measures: subjective evaluation, task performance, and physiological response. 
The experimental hypothesis was supported by several of the metrics used to 
evaluate if differences in cognitive load could be observed. Specifically, the self-reported 
TLX scores increased with cognitive load, whereas primary task performance for both the 
N-back and tracking tasks decreased. P300 peak latency was not significantly different 
between the two load conditions. While not predicted in the initial hypothesis, the 
secondary task performance results were sensible given prior literature and theory. The 
P300 peak amplitude was the only metric not supported by the hypothesis or prior research. 




 The research performed in this study has potential for expansion in the future. The 
limitations of the study prevented it from achieving a satisfactory conclusion, so returning 
to this line of research could prove fruitful. First, further data collection could expand the 
sample size to the minimum viable amount decided on. Post-hoc power analysis of the 
P300 peak amplitude for the four task combinations (N-back + auditory oddball, N-back + 
tactile oddball, tracking + auditory oddball, and tracking + tactile oddball) only revealed 
power estimates between 3-7%. Expanding the sample size will remove the ambiguity 
surrounding the current insignificant P300 amplitude results. 
 Further, the differences between the auditory and tactile data left one of the goals 
of the study unresolved, which was to generalize some relationship for cognitive load 
between different sensory channels. The ERP data was sufficiently different that it 
warranted no further analysis, but future advancements may change that. Using a 
standardized tactile stimulation system used in published research, such a tactor motor vest, 
instead of the custom circuit built for this study may produce results contained within that 
said research. 
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